Introduction
Parallel fibers (PFs) make 100,000 -200,000, excitatory glutamatergic synapses on the dendritic trees of Purkinje cells (PCs) (Eccles et al., 1967) . Despite their massive numbers and striking mediolateral geometry, there are two markedly different views of the role of PFs in cerebellar cortical function. The classic "beam" hypothesis postulates that mossy fiber (MF) activation of granule cells (GCs) results in beam-like excitation of PCs (Braitenberg and Atwood, 1958; Braitenberg, 1961) . In support of this hypothesis, MF input evokes field potentials in the molecular layer well outside of the MF termination area (Garwicz and Andersson, 1992) , whisker stimulation comodulates transversely located PCs (Bosman et al., 2010) , and the presence of synchrony in the simple spike firing during natural inputs (De Zeeuw et al., 1997) . However, the beam hypothesis is controversial as others reported that peripheral or MF inputs evoke only patches of PC or molecular layer activity (Bower and Woolston, 1983; Cohen and Yarom, 1998; Rokni et al., 2007; Santamaria et al., 2007) . Others found little temporal synchrony in the simple spike discharge of PCs separated transversely by Ͼ100 m (Bell and Grimm, 1969; Ebner and Bloedel, 1981; Shin and De Schutter, 2006; Heck et al., 2007) .
The alternative hypothesis is based on the radial organization of GC axons as they ascend to the molecular layer and make synaptic contacts on PCs (Llinas, 1982; Napper and Harvey, 1988; Gundappa-Sulur et al., 1999; Santamaria et al., 2002; Santamaria and Bower, 2005; Lu et al., 2009) . This "radial" hypothesis postulates that GC ascending axons provide the dominant input to PCs and that PCs located laterally are very weakly activated by PFs. Compared with PF synapses, the synaptic connections made along the ascending limb are argued to be stronger, have a higher number of connections on a PC, and result in more synchronous activation of PCs (Llinas, 1982; Isope and Barbour, 2002; Sims and Hartell, 2005) . Modeling studies found little role for PFs in modulating PC simple spike discharge, suggesting instead PFs provide background tone (Santamaria and Bower, 2005; Santamaria et al., 2007) .
There are major concerns with the radial hypothesis. The ascending limb provides only 3-6% of the total synapses on a PC (Napper and Harvey, 1988; Huang et al., 2006; Lu et al., 2009 ). In the cerebellar slice, synaptic strength between ascending GC axons and PCs, and between PFs and PCs is equivalent, and PFs activate PCs for several hundred microns (Isope and Barbour, 2002; Walter and Khodakhah, 2009) . A variant of the radial hypothesis proposes that GABAergic, molecular layer inhibition prevents beam-like activation by PFs (Santamaria et al., 2002 (Santamaria et al., , 2007 .
The present study reevaluated the beam versus radial hypothesis, using optical imaging to map spatial patterns of activation in vivo. The results show beam-like activation in response to MF, GC, and peripheral stimulation. Furthermore, GABAergic inhibition does not prevent beam-like responses. Instead, the nonuniform distribution of excitatory amino acid transporter isoform 4 (EAAT4) on PCs (Nagao et al., 1997; Dehnes et al., 1998) and regulation of extracellular glutamate concentration may contribute to the pattern of PC activation.
Materials and Methods
Animal preparation. Both FVB (Charles River Laboratories) and EAAT4 reporter mice on a C57BL/6 background were used for experiments in this study (Gincel et al., 2007) . For both lines, mice of either sex were used. All animal experimentation was approved by and conducted in conformity with the Institutional Animal Care and Use Committee of the University of Minnesota. Detailed descriptions of the preparation of animals for optical imaging have been described in previous publications (Reinert et al., 2004; Gao et al., 2006) and are only described briefly. Adult mice 3-8 months of age were anesthetized by an initial intramuscular injection of 2 mg/kg acepromazine followed by an intraperitoneal injection of 2 mg/kg urethane and supplemented with 1.5 mg/kg urethane as needed. Animals were placed in a stereotaxic frame, mechanically ventilated, and their body temperature feedback regulated. Depth of anesthesia was monitored via electrocardiogram and testing for responses to somatosensory stimuli. A craniotomy exposed Crus I and Crus II, and then a watertight acrylic chamber was constructed around the exposed folia and filled with Ringer's solution gassed with 95% O 2 and 5% CO 2 .
Drug administration. Bicuculline [1(s), 9(R)-(Ϫ)-bicuculline methochloride], GABAzine (SR-95531), glycine (L-glycine), and NMDA (Nmethyl-D-aspartate) were purchased from Sigma. TBOA (DL-threo-␤-benzyloxyaspartic acid), DNQX (6,7-dinitroquinoxaline-2,3-dione), LY 367385 [(S)-(ϩ)-␣-amino-4-carboxy-2-methylbenzeneacetic acid], and APV (D-(Ϫ)-2-amino-5-phosphonopentanoic acid) were purchased from Tocris Bioscience. All drugs were dissolved in normal Ringer's solution and applied to the cerebellar surface by replacing the solution in the optical chamber, except for DNQX/APV and NMDA/glycine, which were microinjected into the cerebellar cortex.
Simulation, microinjection, lesioning, and electrophysiological techniques. A paralyenecoated tungsten microelectrode (2-5 M⍀, Fredrick Haer) was used to activate MF afferents in the cerebellar white matter (WM). Typical parameters for MF stimulation consisted of six pulses of 100 -150 A, 100 -200 s at 100 Hz. PF stimulation consisted of 10 pulses of 100 -125 A, 100 s at 100 Hz. Peripheral responses were evoked via bipolar stimulation with two electrodes placed ϳ1 mm apart either surrounding the ipsilateral C3 vibrissa follicle or in the medial and lateral walking pads on the ventral aspect of the forepaw using 20 V, 300 s pulses at 10 Hz for 10 s or 10 -20 V, 300 s pulses at 100 Hz for 50 -100 ms, respectively.
Microinjections of NMDA/glycine or DNQX/APV into the cerebellar cortex were performed by lowering a glass micropipette (1-5 M⍀) beneath the cerebellar surface and triggering single ejection pulses (75-100 kPa, 100 -400 ms) using a pico-injection system (PLI-100; Medical Systems). The injection parameters were set to deliver as small a volume as possible over a brief duration. The volume of the injection was calculated by collecting an image of the droplet produced upon injection. The image allowed the diameter of the droplet to be measured and the volume (assumed to be spherical) calculated.
In some experiments, lesions were generated in the molecular layer. After evoking a beam with PF stimulation, a tungsten microelectrode was used to produce electrolytic lesions across the beam. Typically, lesions were made at 3-5 locations (50 A, 1 s) to just span the width of the beam. After generating the lesions, the response to PF stimulation was evoked to assess the effectiveness and extent of the lesion, followed by histological verification (see below).
Single-unit extracellular recordings of cerebellar neurons used glasscoated, platinum iridium microelectrodes (1-2 M⍀; Alpha Omega) and conventional electrophysiological techniques . Recordings were restricted to the molecular layer where PCs were identified by the presence of spontaneous simple spikes and complex spikes . All other neurons were classified as unidentified cerebellar neurons. Recordings were digitized at 32 kHz and stored online for off-line analysis.
Optical imaging. The anesthetized animal in the stereotaxic frame was placed on an x-y stage mounted on a modified Nikon epifluorescence microscope fitted with a 4ϫ objective. Images of Crus I were acquired with a Quantix cooled charge coupled device camera with 12 bit digitization (Roper Scientific). A 100 W mercury-xenon lamp (Hamamatsu Photonics) with direct current controlled power supply (Opti Quip) was used as the light source. Images were binned 2 ϫ 2 to yield images of 256 ϫ 256 pixels with a resolution of ϳ 10 ϫ 10 m per pixel. Ca 2ϩ imaging was performed by first loading the Ca 2ϩ dye via a series of microinjections into the imaging field. The solution consisted of 10 mM Oregon Green 488 BAPTA-1/AM (Invitrogen) dissolved in DMSO plus 20% Pluronic F-127 solution (Invitrogen) and diluted 20 times in normal Ringer's solution (Stosiek et al., 2003; Sullivan et al., 2005; Gao et al., 2006) . A glass micropipette (resistance 1-5 M⍀) was filled with the dye solution and lowered to a depth of ϳ150 -300 m in the cerebellar cortex. Injections were made in ϳ15 locations to uniformly stain the folium of interest, and the preparation was then incubated for 30 min to allow the Ca 2ϩ dye to equilibrate. Images were captured using a custom Ca 2ϩ filter set with excitation at 490 -510 nm, a long-pass dichroic mirror of 515 nm, and emission at 520 -530 nm. Flavoprotein autofluorescence imaging used a bandpass excitation filter (455 Ϯ 35 nm), a dichroic mirror (500 nm), and a Ͼ515-nm-long pass emission filter (Reinert et al., 2004; Gao et al., 2006) .
Optical imaging data analysis. A series of Ca 2ϩ or flavoprotein images consisting of 40 -310, 200 ms frames (5 frames/s) was acquired. Difference images were then generated by subtracting the average of nine control frames (control average) from each control and experimental frame. These difference images were then divided by the control average, yielding images in which the intensity of each pixel reflects the ⌬F/F change in fluorescence relative to the control average.
As shown in Figures 1 and 2 , MF stimulation and microinjection of NMDA/glycine resulted in beam-like responses with a centrally located increase in Ca 2ϩ fluorescence. Quantification aimed to capture both aspects of the responses. Therefore, regions of interest (ROIs) were placed on the beam-like responses medial and lateral to the stimulation/microinjection (beam component). A rectangular region (area of 2500 m 2 ) centered over the stimulation/microinjection site (center component) was also measured. This approach was also applied to the beam-like response evoked in Crus II by vibrissal stimulation in the presence of TBOA and to the beam responses evoked by direct PF stimulation (see Fig.  10 ) The center ROI was placed on the patch-like region evoked in the absence of TBOA, and the beam regions placed on the areas of increased fluorescence that extended medially and laterally from the patch in the presence of TBOA. The average ⌬F/F response corresponding to peak activation (three frames) was determined for each ROI and averaged for each series.
For peripheral, WM, and GC stimuli, we used the following method to quantify the length of the evoked responses parallel to the long axis of the folium, referred to as mediolateral axis (ML), and along the perpendicular axis, referred to as rostrocaudal axis (RC). The dimensions of the evoked responses were measured by first generating images of the significant evoked responses by first low-pass filtering (3 ϫ 3) the ⌬F/F image and then determining the mean and SD of a control region. The pixels above or below this mean Ϯ 2 SD were pseudocolored, aligned, and superimposed on an image of the folia using a custom program written in MATLAB (MathWorks). Based on this thresholding, a 100 ϫ 100 m grid was overlaid on the response region, and the response dimensions were then measured along the RC and the ML axes of the folium. The ML and RC lengths were determined for each 100 m section of the grid, and the ratio of the average ML and RC lengths (ML/RC) was computed.
The quantification of the beam-like response in Crus I followed a similar procedure as that described for the NMDA/glycine microinjection and MF stimulation experiments. However, multiple ROIs were defined corresponding to the medial and lateral portion of the beam-like response. The region of the folium where the molecular layer was lesioned was omitted from analyses (Fig. 5, example ROIs) . This procedure was repeated after lesioning to compare the peripherally evoked ⌬F/F response on-beam before and after the PF disruption.
Example grayscale images displayed in Figures 1, 2 , and 3 were constructed by averaging 4 -32 trials pixel by pixel and then averaging the 5-10 frames encompassing the maximum of the response of interest. Resultant images were scaled to Ϯ1.5% ⌬F/F for grayscale display using MetaMorph (Molecular Devices).
To quantify the spatial relationship between the peripherally evoked optical responses and the distribution of EAAT4, an ROI for the region with the response was identified by thresholding the ⌬F/F response to define the portion of the folia exhibiting the peak evoked fluorescence. The ⌬F/F along the ROI was determined for both the Ca 2ϩ indicator responses and the background fluorescence, which are related to the EAAT4 expression level, across the folium. The correlation coefficient () between these two ⌬F/F spatial profiles was computed.
Electrophysiology analysis. Analysis of single-unit recordings consisted of constructing peristimulus time histograms (1 ms bins) of spike firing 10 ms before stimulus onset and 40 ms poststimulus using Spike 2 (Cambridge Electronic Design). The number of trials ranged from 100 to 200. Cells were counted as responding to the stimulus if Ն3 consecutive poststimulus bins contained firing rates greater or less than the prestimulus baseline mean Ϯ 2 SDs. The latency of the response was defined as the bin with the first significant increase or decrease (onset), and the end of the response (offset) was the bin at which the firing no longer differed significantly from baseline. The duration of the response was defined as the time between onset and the offset. Response amplitude was defined as the average change in firing during the response compared with mean baseline firing. Percentage change in firing from baseline was used to normalize for different firing rates among neurons.
Histology. After the experiment, animals were transcardially perfused with 1% PBS followed by 4% paraformaldehyde in phosphate buffer (pH 7.4). Brains were then extracted, postfixed in paraformaldehyde for 2 h, and cryoprotected in 30% sucrose. Cryosectioning of the cerebellum was performed to obtain 40-m-thick, coronal sections that were thionine stained for lesion identification.
Statistical analysis. The statistical analysis was performed using SAS (SAS Institute). The effects of various drugs, prelesion and postlesion responses, and on versus off patch single-unit response latency were statistically evaluated using a paired Student's t test. ⌬F/F responses evoked by microinjection of NMDA/glycine at various depths below the cerebellar cortex were statistically evaluated with ANOVA (within-subject design with repeated measures) followed by Bonferroni post hoc test ( p Ͻ 0.01). In the text and figures, all values are reported as mean Ϯ SD. When describing the results of an experiment, n refers to the number of animals used.
Results

WM stimulation evokes a beam-like response
The initial in vivo experiment used Ca 2ϩ imaging to examine the spatial distribution of cerebellar cortical activation in response to MF input. To directly activate MFs, a microelectrode aligned approximately perpendicular to the surface of Crus II was lowered to a depth of 450 -500 m, and stimuli were delivered to the WM. In the FVB mouse, the molecular layer, PC layer, and granular layer combined are ϳ440 m thick (Serinagaoglu et al., 2007; Oz et al., 2011) . The example response reveals beam-like activation of the cerebellar cortex along the entire folium with a centrally located, patch-like response above the stimulation site (Fig. 1A) . Similar responses were observed in each mouse tested (n ϭ 7), consistent with activation of a group of GCs by MF afferents that in turn leads to PF activation of PCs. The results also are consistent with a strong local activation above the site of WM stimulation that likely includes excitation of PCs by ascending GC axons (Llinas, 1982; Cohen and Yarom, 1998; Isope et al., 2002; Walter et al., 2009) .
To determine the presynaptic versus postsynaptic nature of the response, a mixture of ionotropic and metabotropic glutamate receptor (iϩmGluR) antagonists (100 M DNQX, 200 M LY 367385, and 250 M APV to antagonize AMPA, mGluR1, and NMDA receptors, respectively) was added to the optical chamber Ringers. The example images show a large reduction in the response in the presence of the iϩmGluR antagonists (Fig. 1A) . Although both the center and beam components were reduced significantly compared with baseline (center, t (3) ϭ 87.31, p Ͻ 0.0001 and beam, t (3) ϭ 9.31, p ϭ 0.0026, Fig. 1B ), the beam component had the larger decrease (83 Ϯ 16%). This finding demonstrates that the beam-like response is primarily postsynaptic. A small beam-like response remains that likely represents a Ͻ100% block of synaptic transmission. In the presence of iϩmGluR antagonists, 51 Ϯ 45% of the center response remains. Both direct activation of CF afferents (presynaptic component) and antidromic activation of PCs likely contribute to the remaining response. Indeed, the center response has a parasagittal shape consistent with the projection pattern of the CF afferents (Sasaki et al., 1989; Chen et al., 1996) . To quantify the geometry of the response evoked by WM stimulation, we measured the length of the response along the ML and RC axes of the folium and determined the ratio of the ML/RC axes. The ML/RC ratio is also used in subsequent experiments to compare the geometry of the responses evoked by different stimuli. The ML/RC ratio for WM stimulation was 3.00 Ϯ 0.79 (Fig. 1C) . Upon application of iϩmGluR antagonists, the ratio decreased significantly to 1.84 Ϯ 0.80 (t (3) ϭ 7.42, p ϭ 0.0051, Fig. 1C ). Importantly, this initial experiment demonstrates that MF stimulation evokes beam-like responses in vivo, in contrast to previous results in the isolated guinea pig cerebellum (Cohen and Yarom, 1998; Rokni et al., 2007) but in agreement with an in vitro autofluorescence optical imaging study (Coutinho et al., 2004) .
NMDA activation of GCs evokes a beam-like response
To obtain greater target selectivity than that afforded by electrical stimulation and to confirm the initial results showing beam-like activity in response to MF-PF-PC circuit activation, we used a pharmacological approach to activate GCs. We microinjected NMDA (1.20 Ϯ 0.20 nl, 500 M) and its coagonist, glycine (10 M), into the cerebellar cortex bathed in a 0 Mg 2ϩ Ringer's solution. NMDA receptors are expressed on GCs and account for ϳ30% of the excitatory response to MF input (D'Angelo et al., 1995). Conversely, adult mice do not have functioning NMDA receptors on PFs (Shin and Linden, 2005; Piochon et al., 2007; Lonchamp et al., 2012) , although these receptors are expressed on PCs (Piochon et al., 2007; Renzi et al., 2007) , suggesting that the NMDA will primarily activate GC dendrites and a patch of PCs and/or interneurons in the immediate vicinity of the injection. However, local activation of PCs and/or interneurons will not generate a beam-like response. NMDA/glycine microinjection evokes a beam-like activation pattern, with the largest amplitude responses evoked by injections within the GC layer between 200 and 350 m below the cortical surface (Fig. 2 A, C) . Also, a patch-like region of activation occurs above the site of injection. The ⌬F/F responses evoked by NMDA/glycine for the beam region were 0.36 Ϯ 0.22% at 50 -150 m, 0.75 Ϯ 0.41% at 200 -350 m, and 0.02 Ϯ 0.17% at 400 -500 m ( Fig. 2C ; n ϭ 7 mice). The greatest magnitude response occurred when NMDA/glycine was injected at the 200 -350 m depth range, and the responses were significantly different at each depth (F (15,186) F (15,186) ϭ 32.37, p Ͻ 0.0001 followed by post hoc test). As noted, this is expected as the NMDA will activate neurons locally at the injection site in both the molecular and GC layers. The lack of a response at the greatest depths below the GC layer (Ͼ400 m) adds further support that the responses are evoked by GC activation. The smaller response amplitude at greater depths is consistent with the mouse GC layer being ϳ250 m thick beneath the ϳ190 m molecular and PC layers (Serinagaoglu et al., 2007; Oz et al., 2011) . At the 50 -150 and 200 -350 m ranges, the responses also had the largest ML/RC ratios: 4.01 Ϯ 2.58 and 4.60 Ϯ 1.74, respectively (F (8,19) ϭ 4.72, p ϭ 0.0026, followed by post hoc test, Fig. 2C ).
To verify that the responses were NMDA receptor-mediated, in three mice NMDA injections were repeated at the depth (200 -350 m) evoking a maximal response in the 0 Mg 2ϩ Ringer's solution after reintroduction of 2 mM Mg 2ϩ into the optical chamber bath (Fig. 2B ). In the presence of Mg 2ϩ , the amplitude of the beam response was significantly reduced from 0.61 Ϯ 0.19% to 0.16 Ϯ 0.12% (t (2) ϭ 4.50, p ϭ 0.045, n ϭ 3, Fig. 2D) . Similarly, the central response was significantly reduced from 0.95 Ϯ 0.34% to 0.21 Ϯ 0.08% (t (2) ϭ 4.84, p ϭ 0.040). In the presence of 2 mM Mg 2ϩ , the ML/RC ratio decreased markedly to 2.02 Ϯ 0.89, which was significantly different from the ratio obtained by NMDA injections at 200 -350 m (t (2) ϭ 22.28, p ϭ 0.0020, Fig. 2D ). Therefore, electrical stimulation of MF afferents and glutamate and NMDA microinjection in the GC layer evoke beam-like responses, implying that strong stimulation of a group of MFs or GCs activate PFs that, in turn, activate PCs.
Peripheral stimulation evokes a beam-like response in Crus I
Although the first two experiments demonstrate that MF and GC stimulation results in beam-like activation in vivo, it can be argued that neither stimulus is physiological (Bower, , 2010 . We estimate that the 150 A stimulation in the WM activated axons of passage within a volume of 4 ϫ 10 Ϫ3 mm 3 , a sphere with a radius of ϳ100 m (Ranck, 1975) . Based on the volume (ϳ1.2 nl) of the NMDA injections and the density of GC somata (4 ϫ 10 6 cells per mm 3 ), we estimate that at least 4000 GCs were activated (Korbo et al., 1993) . It remains to be determined whether peripherally driven MF inputs produce beam-like activation patterns. In response to ipsilateral forelimb stimulation, Ca 2ϩ imaging reveals beam-like responses in Crus I (Fig. 3) . Although some areas of patchy activation are also evident and suggestive of localized MF input, beam-like responses extend the entire length of the exposed folium. The ML/RC ratio of the responses evoked in Crus I by forelimb stimulation was 3.48 Ϯ 1.70, a value consistent with a beam-like pattern. The population ratio was obtained from the 19 mice in which the responses in Crus I to forepaw stimulation were determined (Figs. 3, 4 , and 5).
Although forelimb stimulation evokes beam-like patterns in Crus I, the contribution of PFs to the response remains unknown. This question was tested using two different approaches. First, single-unit activity was recorded in the molecular layer of Crus I inside and outside of the thresholded Ca 2ϩ response area, as shown for an example experiment (Fig. 4 A, B) . For PCs recorded within the response region, simple spike activity increases significantly to the forelimb stimulation (Fig. 4C) . Conversely, simple spike discharge for PCs recorded outside of the region is not modulated (Fig. 4D) . In seven mice, 108 PCs and 28 unidentified neurons were recorded. The simple spike firing of 59% (42 of 70) of the PCs recorded within the beam-like response region responded to the peripheral stimulus, whereas only 3% (1 of 38) of the PCs outside of the region were significantly modulated. These results are consistent with our previous studies that ϳ90% of the flavoprotein signal is the result of postsynaptic activation Reinert et al., 2011) . The simple spike responses within the beam-like response regions had a latency of 27.7 Ϯ 5.0 ms and duration of 16.9 Ϯ 9.1 ms. The latencies are comparable with those reported for forelimb stimulation in the rat (Holtzman et al., 2006) . Similarly, 76% (16 of 21) of the unidentified cells recorded within the beam-like region and 0% of the unidentified cells recorded outside of the beam region exhibited a significant change in firing.
In the second approach to testing the PF contribution to the response, discrete lesions in the molecular layer were made to assess changes in the peripheral responses medial and lateral to the lesion. Figure 5 shows the results of two experiments. Forelimb stimulation evoked beam-like Ca 2ϩ responses that parallel the rostral border of Crus I (Fig. 5 A, B , left) similar to the responses evoked by PF stimulation (Fig. 5 A, B, right) . The electrolytic lesions (50 A, 1 s, 3-5 locations) were made across the response defined by PF stimulation (Fig. 5C, D , green ROIs). After the lesioning, PF stimulation shows that the responses proximal to the lesion were relatively intact and either blocked or greatly reduced distal to the lesion (Fig. 5C, D,  right) . Importantly, the electrolytic lesions were discrete and limited to the molecular layer (Fig. 5E) . The abrupt transection of the response to PF stimulation and the small lesions demonstrate that the damage to the cerebellar cortex was restricted. The extent of the lesion was further estimated in seven experiments by directly stimulating PFs on both the medial and lateral sides of the lesion and measuring the width of absent/decreased optical response. The average region of decreased responsiveness was 203 Ϯ 71 m, suggesting that beyond the transection damage is limited and consistent with the histology (Fig. 5E) . Further, these results establish that the PFs and cerebellar cortex are responsive and functioning on either side of the lesioned area.
Comparing the cerebellar responses to forelimb stimulation before and after lesioning shows the decrease in activation either lateral (Fig. 5C) or medial (Fig. 5D) to the lesion. The population data from seven mice show that the amplitude of the on-beam response to forelimb stimulation (Fig. 5C , D, red ROIs) is significantly reduced to 52 Ϯ 26% of the baseline response after the lesioning ( Fig. 5F ; t (6) ϭ 7.28, p ϭ 0.0003). Therefore, PFs contribute to the beam-like responses in Crus I. 
Optical and single-cell responses to peripheral stimulation in Crus II
Numerous studies report that peripheral inputs primarily evoke patch-like activation in the cerebellar cortex, particularly in Crus II (Bower and Woolston, 1983; Santamaria et al., 2002) . These findings are in conflict with the beam-like activation found for peripheral stimulation in Crus I described above. Indeed, stimulation of the ipsilateral C3 vibrissa evokes patch-like activation in Crus II as assessed by flavoprotein imaging . However, our initial study did not examine the responses of single cells to this peripheral input nor did it assess whether the flavoprotein imaging has the sensitivity to detect beam-like activity. Therefore, the next experiment combined monitoring the responses to vibrissal stimulation with both flavoprotein imaging and single-cell recordings restricted to the molecular layer of Crus II within and outside of the response area. Both PCs and unidentified cells were recorded. As demonstrated previously , the flavoprotein responses to vibrissal stimulation are patch-like (Fig. 6A) . Similar patch-like responses are found with Ca 2ϩ imaging (see Figs. 8, 9, and 10). The example data show that the PC simple spike responses are consistent with the optical responses. PCs recorded within the region of increased fluorescence (Ϯ2 SD above background) respond with a significant increase in simple spike firing, and cells recorded outside of the region do not respond (Fig. 6A,B) . The correspondence between the simple spike and optical responses is also evident in the averaged simple spike responses for the 80 PCs recorded within or outside of the optical responses (Fig. 6D) . Of the 33 PCs recorded within the region of increased flavoprotein fluorescence, the simple spike firing of 30 (91%) was modulated significantly by vibrissal stimulation. Of the 47 PCs recorded outside the optical response region, the discharge of only 7 (15%) was modulated significantly. None of the PCs responded with an increase in complex spike discharge. Similar to PCs, the firing of 22 (96%) of the 23 unidentified cells located within the flavoprotein response region was significantly modulated by vibrissal stimulation. The firing of only 2 (17%) of the unidentified cells recorded outside the border was modulated. Both the simple spike response duration and response amplitude are greater for PCs recorded within versus outside of the optical response (Fig. 6C) . The simple spike responses within the region of increased fluorescence have a latency of 9.8 Ϯ 1.5 ms and duration of 10.2 Ϯ 5.5 ms. The unidentified cells recorded within the response region exhibit a similar latency of 10.1 Ϯ 2.5 ms and duration of 10.0 Ϯ 5.3 ms.
We also tested whether there was a correlation between the firing rate change and the change in flavoprotein fluorescence. The correlation coefficient () between the change in firing rela- tive to baseline and the ⌬F/F at the corresponding recording location was determined for all 115 cells across eight animals. The correlation coefficient was 0.57 and provides further evidence that the flavoprotein signal reflects the underlying neuronal activity. Therefore, vibrissal stimulation evokes MF input into Crus II in a patch-like pattern, whether assessed by single-cell recordings or flavoprotein imaging, with no evidence of a beam-like response.
Molecular layer inhibition does not suppress the beam-like response
The next experiments addressed possible mechanisms for the beam-like responses in Crus I versus the patch-like responses in Crus II. It was hypothesized that molecular layer inhibitory interneurons control the geometry of the PCs activated by PFs and produce the patch-like responses Santamaria et al., 2002; Santamaria et al., 2007; Bower, 2010) . Application of GABA A antagonists was reported to result in beam-like responses in PCs (Santamaria et al., 2007) . We reexamined this hypothesis monitoring the flavoprotein responses in Crus II evoked by stimulation of the ipsilateral C3 vibrissa under baseline conditions and in the presence of GABA A receptor antagonists (200 M GABAzine or 100 M bicuculline) . If molecular layer inhibition underlies the patch-like geometry of cerebellar cortical activation to GC input, blocking the action of GABAergic interneurons is expected to convert the patch-like response into a more beam-like response (Santamaria et al., 2007) . As shown in the example experiments, the application of GABA A receptor antagonists increases the amplitude and overall area of activation but does not result in conversion to a beam-like response (Fig.  7A) . Furthermore, we measured the ML/RC ratios; whether the response becomes more beam-like with blocking GABAergic transmission, the ratio should increase. However, the ML/RC ratios were 1.74 Ϯ 0.62 for the baseline, 1.87 Ϯ 0.40 upon bicuculline application (n ϭ 6 mice), and 1.89 Ϯ 0.46 with GABAzine (n ϭ 3 mice). The ratios were not significantly different for either antagonist ( p Ͼ 0.05 for both drugs, paired Student's t test, Fig.  7B ). These results are in agreement with voltage-sensitive dyeimaging studies in vitro in which blocking GABA A receptors failed to generate beam-like responses to MF stimulation (Rokni et al., 2007) . Therefore, although molecular layer inhibition controls the amplitude and spatial extent of the responses , it does not prevent beam-like activation in vivo.
Role of excitatory amino acid transporters in the spatial pattern of the responses to peripheral input
Unresolved is why peripheral inputs evoke beam-like responses in Crus I (Figs. 3, 4 , and 5) and patch-like activation in Crus II (Figs. 6 and 7). Because molecular layer inhibition does not appear to be responsible, we hypothesized that the differential distribution of EAAT4 on PCs in Crus I and Crus II plays a role (Gincel et al., 2007) . EAAT4 is the predominant glutamate transporter on PCs, is PC-specific, and is expressed in parasagittal bands of zebrin-positive PCs in Crus II (Nagao et al., 1997; Dehnes et al., 1998; Gincel et al., 2007) . The parasagittal distribution of EAAT4s is known to differentially modulate PC responses to both PF and climbing fiber inputs (Wadiche and Jahr, 2005; Paukert et al., 2010; Tsai et al., 2012) . In contrast, EAAT4 is expressed uniformly in Crus I.
To test this hypothesis, the first experiment used a reporter mouse that expresses GFP under the control of the EAAT4 promoter (Gincel et al., 2007) . In Crus II, vibrissal stimulation evokes patch-like increases in Ca 2ϩ fluorescence similar to those observed with flavoprotein imaging (compare Figs. 7 and 8) . As shown for the two example experiments, the Ca 2ϩ -mediated responses to vibrissal stimulation are centered between the parasagittal zones with the higher expression levels of EAAT4 (Fig.  8A) . Also, there is a lack of a parasagittal distribution of EAAT4 in Crus I (Gincel et al., 2007) . To quantify the spatial relationship between the optical responses and the distribution of EAAT4, a rectangular ROI (800 m along the mediolateral axis of the folium and 10 m along the rostrocaudal axis of the folium) was defined that encompassed both the responsive and nonresponsive regions. The fluorescence change along the ROI was determined for both the Ca 2ϩ responses and the background fluorescence of EAAT4 expression, and the correlation coefficient between these two profiles was computed. The fluorescence profiles for the two example experiments show the inverse relationship between EAAT4 expression and the responses to C3 vibrissa stimulation (Fig. 8B ) and the negative correlation coefficient ( ϭ Ϫ0.43 and ϭ Ϫ0.91, p Ͻ 0.0001). In each of the six mice studied, a significant inverse relationship exists between the regions responding to the peripheral stimulus and EAAT4 expression (average ϭ Ϫ0.70, range Ϫ0.43 to Ϫ0.91).
We reasoned that, if the higher level of EAAT4 in the parasagittal zones reduces the responses of PCs to MF inputs, then blocking EAATs should convert the patch-like activation of Crus II into a beam-like response. Therefore, the EAAT blocker TBOA was applied to the Ringer's solution in the optical chamber ( Dehnes et al., 1998; Shimamoto et al., 1998) . In both FVB (Fig. 9A) and EAAT4 reporter mice (Fig. 9B) , vibrissal stimulation evokes the typical patch-like responses in Crus II. Application of TBOA increases the response amplitude and extent of the patch components but also results in a beam-like profile. For both examples in the presence of TBOA, there are two patches of increased fluorescence embedded in a beam-like response that extends the length of the folium. The conversion to a beam-like profile was observed in all 12 mice tested (10 FVB and 2 EAAT4 ) and quantified using the analysis described for evaluating the effect of the GABAergic antagonists (Fig. 7) . The ML/RC ratio was 1.46 Ϯ 0.64 for the patch-like response and increased significantly to 3.24 Ϯ 1.44 upon application of TBOA (t (11) ϭ Ϫ4.73, p ϭ 0.0006; Fig. 9C ).
If the beam-like response in the presence of TBOA is driven by a general increase of excitability at the level of the granular layer, local inhibition of MF-GC synaptic transmission should affect a correspondingly local region of the beam-like response. Conversely, if the TBOA is acting at the level of the PF-PC synapse, local block of MF-GC synaptic transmission should decrease the activation along the beam-like response resulting from a reduction in PF activation. To test this hypothesis, the AMPA and NMDA iGluR antagonists (100 M DNQX and 250 M APV, 5.95 Ϯ 2.37 nl) were injected into the granular layer (depth of 250 m) with the TBOA application, targeting the patch region of increased fluorescence evoked by vibrissal stimulation. Similar to Figure 9 , the two examples in Figure 10A , B demonstrate the conversion of the peripherally evoked patch-like response to a beam-like profile by TBOA (300 M). With injection of the iGluR antagonists, the beam-like responses to vibrissal stimulation are reduced, both medially and laterally. For the six mice tested, the evoked fluorescence changes were quantified as for the WM stimulation and NMDA injection experiments (Figs.  1 and 2 ). For the beam region, the average ⌬F/F was 0.21 Ϯ 0.09% for vibrissal stimulation alone, 0.71 Ϯ 0.31% in the presence of TBOA, and 0.45 Ϯ 26% for microinjection of iGluR antagonists in the presence of TBOA (F (17,398) ϭ 88.6, p Ͻ 0.0001 followed by post hoc test). Similarly, the ⌬F/F response for the central region was 0.38 Ϯ 0.16% for vibrissal stimulation, 1.18 Ϯ 0.59% upon bath application of TBOA, and 0.52 Ϯ 0.48% for microinjection of iGluR antagonists with TBOA (F (17,398) ϭ 190.7, p Ͻ 0.0001 followed by post hoc test). The ML/RC ratio was 1.02 Ϯ 0.17 for the patch-like response, increased significantly to 2.18 Ϯ 0.63 (t (10) ϭ Ϫ4.32, p ϭ 0.0015) upon application of TBOA, and decreased to 0.86 Ϯ 0.55 (t (10) ϭ 3.85, p ϭ 0.0032) with injection of the iGluR antagonists. Therefore, a focal reduction in GC activity results in decreased activation along the beam and converts a beam-like response into a patch-like response, consistent with PF-mediated activation along the transverse axis of Crus II.
The ϳ6.0 nl injection volume of DNQX/APV is a 180-mdiameter sphere. To assess the spatial extent of the action of the injected iGluR antagonists, a control experiment was performed. Two beams were evoked by direct PF stimulation in Crus II (see example in Fig. 10D ), and the iGluR antagonists were injected at a depth of ϳ250 m below the cerebellar surface between the beams. We reasoned that the extent to which the response to PF stimulation in the molecular layer was altered would provide an estimate of the spread of the iGluR antagonists. As shown in the example (Fig. 10D) , injecting iGluR antagonists into the granular layer had no obvious effect on the response to PF stimulation, demonstrating that the spread into the molecular layer, and therefore, into the GC layer, is limited. The ⌬F/F responses were quantified for three mice using the same approach as the WM stimulation experiment (Fig. 1) . The center ROI was placed directly over the injection, and the beam ROIs were measured medial and lateral to the injection site. The ⌬F/F response for the beam region was 0.96 Ϯ 0.12% for the baseline and 0.97 Ϯ 0.11% with injection of the iGluR antagonists (t (95) ϭ 0.82, p ϭ 0.4149; Fig. 10E ). The ⌬F/F response for the central region was 1.44 Ϯ 0.29% for the baseline and 1.36 Ϯ 0.21% with injection of the iGluR antagonists (t (95) ϭ 1.66, p ϭ 0.1005; Fig. 10E ). This experiment demonstrates that microinjection of iGluR antagonists into the granular layer acts to locally block the MF-GC synapse. The iGluR antagonists do not diffuse sufficiently into the molecular layer to affect PF-PC synaptic transmission. Therefore, the results obtained from the EAAT4 reporter mice and TBOA experiments strongly suggest that EAATs, including EAAT4s on PCs, are involved in modulating the spatial pattern of the response to MF inputs in the cerebellar cortex.
Discussion
The first major finding is that MF or GC stimulation activates beam-like responses in the cerebellar cortex in vivo. There is also a large amplitude response directly above the site of MF or GC stimulation, consistent with the GC ascending limb axons exerting a strong influence on PCs. With electrical stimulation, there remains some possibility of direct PF activation, for example, spread of current along the electrode-tissue interface. Importantly, microinjection of NMDA into the granular layer evokes a postsynaptic beam-like response. Given the lack of functioning NMDA receptors on PFs in adult mice (Shin and Linden, 2005; Qiu and Knopfel, 2007; Piochon et al., 2010) , NMDA provides a highly selective method of activating GCs without activating PFs directly. PCs and cerebellar interneurons express NMDA receptors (Bilak et al., 1995; Piochon et al., 2007; Renzi et al., 2007) ; however, activation by focal NMDA injection would result in a patch response and not the observed beam-like activation pattern.
To our knowledge, the observation that forelimb stimulation evokes beam-like responses in Crus I is the first optical imaging evidence for the beam hypothesis. Single-cell recordings confirm PC simple spike activation along the beam. Importantly, focal lesioning of PFs reduces the activation lateral and medial to the transection, strongly suggesting that PFs contribute to the transverse response. If the beam-like response was solely the result of GC ascending axons, the decrease would be limited to the lesion site.
Molecular layer inhibition does not control beam-like responses
The next major finding is that molecular layer inhibition does not prevent beam-like activation of PCs (Santamaria et al., 2007; Bower, 2010) . Application of GABA A antagonists does not convert patch-like responses into beam-like responses, and instead the response amplitude and extent along both the mediolateral and rostrocaudal axes increases. Conversion of the patch-like response into a beam-like response by TBOA demonstrates that optical imaging has the sensitivity to detect such changes in the activation pattern (Figs. 9 and 10) . The single-cell recordings establish that the flavoprotein autofluorescence accurately represents the spatial extent of the underlying neuronal responses. Possibly the flavoprotein imaging may have failed to detect beam-like responses in PCs consisting of very brief duration excitation followed by prolonged inhibition. However, this type of response is highly unlikely given that block of GABA A receptors increases the duration of the excitation and blocks the inhibition (Jaeger and Bower, 1994; Bao et al., 2010) . Therefore, present and previous results fail to support the hypothesis that molecular layer inhibition prevents beam-like responses.
Role of parasagittal zones and glutamate extracellular concentration in response pattern
The finding of patch-like responses in Crus II and beam-like responses in Crus I raises the question of the mechanism underlying the regional differences. Intriguingly, a recent study examining whisker inputs into Crus I and Crus II observed a similar phenomenon (Bosman et al., 2010) . Comodulation in the simple spike discharge occurs in transversally located pairs of PCs in Crus I but not in Crus II. One likely explanation is the known differences in parasagittal zonation. Crus II has zebrin-positive and -negative zones that reflect differential expression of a host of molecules on PCs (Apps and Hawkes, 2009 ), many of which control PC excitability and plasticity (Brasnjo and Otis, 2001; Wadiche and Jahr, 2005; Gao et al., 2006; Paukert et al., 2010; . However, Crus I lacks this parasagittal zonation (Figs. 8 and 9) (Sillitoe et al., 2003; Sarna et al., 2006) .
One possible contributor to the patch-like responses is EAAT4. The level of EAAT4 expression on PCs is inversely correlated with glutamate concentration and extrasynaptic GluR activation (Tsai et al., 2012) . As we show, the responses to peripheral input in Crus II are inversely related to EAAT4 expression. There are a number of possible explanations. However, differential release of glutamate does not appear to contribute as release is similar in regions with low and high EAAT4 levels (Tsai et al., 2012) . We propose that the low levels of EAAT4 play a role in generating the patch-like responses. Another possibility is that the MF projections mediating the vibrissae response preferentially terminate between zebrin II parasagittal bands and contribute to the patch-like activation. As recently reviewed (Apps and Hawkes, 2009 ), MFs show some, but not perfect, alignment with the overlying zebrin banding pattern or longitudinal zones (Ji and Hawkes, 1994; Wu et al., 1999; Voogd et al., 2003; Pijpers et al., 2006) . Nor is there evidence that MF inputs selectively innervate regions of low EAAT4 expression and sparingly innervate regions of high EAAT4. For example, granular layer responses to peripheral and central inputs show activation throughout Crus I and Crus II (Shambes et al., 1978; Kassel, 1980; Kassel et al., 1984) . Similar maps in Crus II and lobule IX show granular layer responses to the same input that extend across overlaying zebrinpositive and -negative zones (Chockkan and Hawkes, 1994; Hallem et al., 1999) . Therefore, it is unlikely the differential responses in relation to EAAT4 zonation are solely the result of variation in the strength of the MF projections. There are other mechanisms that could contribute to patch-like versus beam-like responses (e.g., the recently described differential transmitter release probability at PF-PC synapses during GC high-frequency bursts) (van Beugen et al., 2013). Still, the present results show that PFs are A, Statistically thresholded image of the Ca 2ϩ response in Crus II to ipsilateral vibrissal stimulation (10 -20 V, 300 s pulses at 100 Hz for 50 -100 ms) before (Vibrissa) and upon bath application of 300 M TBOA in an FVB mouse (Vibrissa ϩ TBOA). There is increased fluorescence response on or surrounding several blood vessels. This reflects the increased blood flow that accompanies activation of the cerebellar cortex (Mathiesen et al., 1998; Yang et al., 1999) . Blood vessel-related activation was commonly observed. B, Same experiment as in A in an EAAT4 reporter mouse. C, Ratio of ML to RC dimensions of the evoked responses in the baseline condition (gray) and in the presence of TBOA (white) based on 10 FVB and 2 EAAT4 mice. *p Ͻ 0.05. activated and glutamate clearance plays an important role in whether PCs are activated in patches or beams.
The TBOA experiments support the interpretation that EAATs shape the response pattern, with foci of activation that become beam-like in the presence of TBOA (Figs. 9 and 10) . What the TBOA results show is that, by increasing extracellular glutamate concentration, PC excitability increases and the PF contribution becomes apparent. The change to a beam-like pattern is unlikely to reflect a generalized increase in excitability, as GABA A receptor antagonists increase excitability without producing a beam (Fig. 7) . We hypothesized that the patch-like regions are a major source of the activated PFs responsible for the beam-like response. The finding that focal injection of iGluR antagonists into the granular layer reduces the beam-like responses strongly supports this hypothesis.
Direct PF, MF, or GC stimulation evokes beam-like responses in Crus II that may seem at odds with the patch-like responses to peripheral stimulation. However, parasagittal differences in EAAT4 levels do not affect electrically evoked postsynaptic responses on PC spines (Tsai et al., 2012) , accounting for the beamlike responses to direct electrical or NMDA stimulation. We also suggest that PF, MF, or GC stimulation produces a larger and more synchronized PF input that can overcome local mechanisms controlling excitability. In contrast, peripheral stimulation produces smaller amplitude and less synchronous activation of MFs, and in turn GCs, allowing EAAT4 to have a greater role in shaping the spatial pattern of the responses. Although we can only speculate on functional implications, the results suggest differential requirements for processing of PF inputs, with greater responsiveness in zones expressing lower levels of EAAT4. A corollary is that the width of such processing zones is defined by EAAT4 expression levels. This is consistent with growing evidence that the parasagittal zones have differential physiological and functional properties (Apps and Hawkes, 2009 ). Clearly, additional studies are needed to determine whether the parasagittal distribution of EAAT4 on PCs has similar effects on the response patterns in different folia. (Fig. 9) . C, Summary data (n ϭ 6 mice) for the center and beam response components for the baseline with TBOA alone and TBOA with microinjection of GluR antagonists. *p Ͻ 0.05. D, Statistically thresholded images of the Ca 2ϩ response in Crus II evoked by direct PF stimulation with two electrodes before (Baseline) and after microinjection of iGluR antagonists (DNQX/APV) at a depth of 250 m (blue arrow). E, Summary data (n ϭ 3 mice) for the center and beam responses for the baseline and DNQX/APV injection.
Reconciling previous observations
anterior lobe, responses to various stimuli occur along several millimeters of a folium (Yu et al., 1985; Garwicz and Andersson, 1992; Valle et al., 2008) , and these folia have narrower and more widely spaced zebrin II zones (Sillitoe et al., 2003) . Although we can only infer that the physiological responses in previous reports are related to EAAT4 expression levels, the evidence suggests the present findings generalize beyond Crus I and Crus II. The results do not necessarily explain why WM stimulation in the isolated cerebellum preparation primarily evoked patch-like responses (Cohen and Yarom, 1998; Rokni et al., 2007) . An anatomical comparison is not possible as these earlier studies did not report the lobules evaluated. However, differences between the previous and present studies, including using an isolated preparation versus intact animal and voltage-sensitive dye versus Ca 2ϩ imaging, respectively, likely explain the differences.
In conclusion, the present study demonstrates that, in response to peripheral inputs, PFs are activated and modulate PC activity as predicted by the beam hypothesis. However, the hypothesis also envisioned sequential activation along the PFs (Braitenberg and Atwood, 1958; Braitenberg, 1961; Braitenberg et al., 1997) . Detecting sequential activity is problematic given that physiological inputs, particularly during behavior, produce complex patterns of MF inputs in space and time (Figs. 3, 8, and 9) . The nonhomogeneous properties of the cerebellar cortex add to the complexity (Apps and Hawkes, 2009) , and these factors are likely to obscure any hypothesized timing differences in PC activity along the PFs. The present findings also demonstrate that synapses along the GC ascending limb modulate PC activity. Both the beam and patch-like elements must be integrated into our understanding of cerebellar cortical function.
